Introduction
============

Mannitol is a primary photosynthetic product found in 70 higher plant families and many marine algae ([@bib4]). In addition to its role as a primary photosynthetic product and translocated carbohydrate, in many species mannitol also appears to function in osmotic stress tolerance by serving as a compatible solute or osmoprotectant ([@bib5]). Several lines of evidence support these latter roles. Celery (*Apium graveolens* L.), which is a major mannitol producer, is quite salt tolerant, and mannitol biosynthesis in celery is increased by salt stress ([@bib13]; [@bib38]). Plants transgenic for mannitol-related genes have shown increases in stress tolerance, particularly salt tolerance ([@bib49]; [@bib51]; [@bib7]; [@bib23]; [@bib44]; [@bib19]). These plants were all transformed with a bacterial catabolic NAD-dependent mannitol-1P dehydrogenase which ordinarily converts mannitol-1P to fructose-6P. In an alternative approach (utilized here), plants were transformed with the celery gene for mannose-6P reductase (M6PR) that usually converts mannose-6P to mannitol-1P as part of the path to mannitol biosynthesis ([@bib59]).

When *Arabidopsis* plants, which ordinarily do not contain mannitol, were transformed with the celery *M6PR* gene they accumulated substantial amounts of mannitol and were also quite salt tolerant, as assessed by analyses of fresh and dry weight ([@bib59]). Further study showed that the presence of the *M6PR* transgene maintained photosystem II and carboxylation efficiencies and thus protected photosynthesis against salt-related damage to the chloroplasts ([@bib46]). None of these studies, regardless of the transgene used, investigated transcriptomic changes, and the exact mechanisms by which mannitol exerts its protective effects in transgenic plants are still not clear. At the levels found in most transgenic plants, a role as a compatible solute would require primary accumulation in the cytosol; similarly, a role as an osmoprotectant would require accumulation in the cytosol, chloroplasts, and nucleus ([@bib42]). It seems unlikely that there are specific mannitol transporters as would be needed to maintain high cytosolic concentrations in transgenic plants that do not normally produce mannitol, and non-specific transporters would probably be compromised by competition from other substrates.

There are other results that suggest possible additional mechanisms responsible for the protective effects. Many species that ordinarily lack mannitol are still equipped to deal with it metabolically. Sequence analysis of the cDNA of the celery mannitol dehydrogenase (*MTD*) gene encoding the catabolic enzyme that oxidizes mannitol to mannose, revealed that this gene is the same as the *ELI3* (Elicitor-Activated Gene 3) pathogenesis-related (PR) gene that has been described in numerous plants ([@bib54]). *ELI3* is up-regulated in response to pathogen attack ([@bib26]) and to treatment with the pathogen response signal molecule, salicylic acid ([@bib8]; [@bib55]).

Despite the unknowns, because only one or two genes are required, creating transgenic plants for mannitol biosynthesis is an attractive approach to stress tolerance, and particularly salt tolerance, which is a major agricultural problem throughout the world ([@bib33]). Consequently, to develop further insights into the means by which mannitol enhances resistance to stress, an extensive study of the effects of the *M6PR* transgene on growth and global gene expression in *Arabidopsis* in the presence and absence of salt stress was embarked upon. These studies indicate that there are certain commonalities in a number of complex responses related to the presence of the *M6PR* transgene, and presumably to mannitol. The analyses indicate that mannitol\'s effects are much more complicated than might be expected of an osmoticum or osmoprotectant. The presence of the *M6PR* transgene and thus mannitol appears to act as a signal, affecting genes responsive to both abiotic and biotic stresses and providing insights into global plant defence mechanisms.

Materials and methods
=====================

Plant materials and growth conditions
-------------------------------------

Two transgenic *Arabidopsis thaliana* L. (Heyn) lines (M2 and M5) with the *M6PR* gene under the control of the cauliflower mosaic virus (CaMV) 35S promoter ([@bib59]), as well as Columbia-0 wild type (Col-WT), were used in this experiment. Seeds of both transgenic and WT plants were stratified at 4 °C for 4 d in the dark and then sown directly on soil in 26×26×6 cm pots filled with a standard planting medium (Baccto, Houston, TX, USA). Seeds of each line were pipetted onto the wet soil surface. Each pot was divided into 36 subsections with five seeds planted in each subsection. Plants were grown at 23/18 °C in the growth chamber with a 12 h light/12 h dark cycle at 350 μmol m^−2^ s^−1^ and 70% relative humidity. Plants were subirrigated. Fertilizer (half-strength Hoagland\'s solution) ([@bib18]) was applied once per week before the beginning of the salt treatment. At 14 days after sowing (DAS), the pots were thinned to one seedling per subsection.

Salt treatments
---------------

Salt treatments were initiated at 14 DAS. NaCl was dissolved in half-strength Hoagland\'s solution. Plants were watered from below to field capacity and then sprayed with 1.0 l of the same concentration of NaCl solution from the top, to ensure adequate leaching and prevent excess salinity. The NaCl concentrations were increased stepwise by 50 mM every 2 d for each line, to the indicated maximum (0, 100, or 200 mM). Plants were then watered every 2 d with or without NaCl at the indicated concentrations. The pots were rotated in the growth chamber daily to minimize the effect of environment. The experiment was repeated three times.

Measurement of growth parameters
--------------------------------

Beginning 14 DAS, plants were examined every other day for the number of plants that were bolting or in bloom. Chlorosis/necrosis severity indices, numbers of leaves, and rosette diameters were measured every 6 d. Chlorosis/necrosis severity was rated as the following: 0, no yellow or purple leaves; 1, older leaves turning yellow or purple; 3, younger leaves turning yellow or purple; 5, some leaves dead; and 7, plants dead. Chlorosis/necrosis severity indices were then calculated according to the following equation: chlorosis/necrosis severity indices=Σ (no. of plants in each scale×scale value)/(total no. of plants×the highest scale value). At 32 DAS, plants were thinned to 18 per pot by removing seedlings from every other row. The plants were photographed at 50 DAS, and harvested at 62 DAS when most of them reached maturity. Seedling height and number of stalks were measured before harvest. Total dry mass and seed yields were measured after harvest. All data were analysed with SPSS 11 for Windows (SPSS Inc., Chicago, IL, USA). Mean separations were performed by Duncan\'s multiple range test. Differences at *P* ≤0.05 were considered to be significant.

Plant growth and salt treatment for the microarray experiment
-------------------------------------------------------------

Seeds of both transgenic and Col-WT plants were sown as described above with two replicate pots for each genotype and salt combination. Two replications were performed in different growth chambers on different dates with 36 plants/replicate pot for each genotype and salt combination. The plants used for these analyses were a subset of a larger experiment including additional transgenes and ecotypes; here the focus was on the effects of the *M6PR* transgene. Plants were grown at 23/18 °C in the growth chamber under a short-day cycle (10 h light/14 h dark) at 350 μmol m^−2^ s^−1^ and 70% relative humidity in order to increase seedling leaf area and growth while not promoting bolting. Salt treatments were initiated at 14 DAS and applied as described above. Sampling was performed at 20 DAS by collecting developed but not senescent leaves (∼0.5cm width×1.5 cm length) from at least 15 seedlings per treatment.

RNA isolation, preparation of biotin-labelled cRNA, and microarray hybridization
--------------------------------------------------------------------------------

Total RNA was extracted and purified from leaves of at least 15 plants per sample for M2, M5, and Col-WT using a QIAGEN-RNeasy Mini Kit (QIAGEN, Valencia, CA, USA) according to guidelines specified by the manufacturer. Two biological replicates from different growth chambers were prepared for each genotype and salt combination. RNA was quantified using a Nanodrop spectrophotometer (ND-1000, NanoDrop Technologies, Wilmington, DE, USA) and RNA quality was assessed using a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer\'s protocol.

For biotin labelling, equal amounts of total RNA from two transgenic lines (M2 and M5) were pooled. A 10 μg aliquot of total RNA from *M6PR* plants and Col-WT plants was converted to double-stranded cDNA using an Affymetrix One-Cycle cDNA Synthesis Kit (Affymetrix, Santa Clara, CA, USA) according to the manufacturer\'s instruction. Biotinylated complementary RNA (cRNA) was synthesized from 5 μg of cDNA by *in vitro* transcription using an Affymetrix GeneChip IVT Labeling Kit (Affymetrix). Labelled cRNA was purified using an Affymetrix GeneChip Sample Cleanup Module (Affymetrix) and was fragmented by heating at 94 °C for 35 min in a buffer containing 40 mM TRIS-acetate (pH 8.1), 100 mM KOAc, and 30 mM MgOAc to produce a distribution of RNA fragments ranging in size from ∼35 to 200 nucleotides.

Fragmented cRNAs (15 μg) were hybridized to a 24K GeneChip *Arabidopsis* ATH1 Genome Array (Affymetrix), in accordance with the standard protocol of the manufacturer. The arrays were scanned with a GeneChip^®^ Scanner 3000 (Affymetrix) and raw image files were converted to probe set data (\*.CEL files), using the Affymetrix GeneChip^®^ Operating Software according to the manufacturer\'s instructions.

Microarray data analysis
------------------------

All the analyses were performed using Bioconductor, a public source software for the analysis of genomic data rooted in the statistical computing environment R ([@bib16]). The data were normalized by robust multiarray normalization of probe-level data with GCRMA. Subsequently, average expression values and their *P*-values (by *t*-test) are calculated using the affylmGUI package in R ([@bib53]). In order to minimize any potential statistical biases, modest threshold parameters were used to determine significant changes in gene expression. Transcript levels deemed significantly different were those with (i) ≥2-fold change; (ii) a *P*-value ≤0.05; and (iii) a detection call of 'Present' in duplicate with the Affymetrix GeneChip^®^ Operating Software. For metabolic pathway analysis, no fold change cut-off was set (see below). The *M6PR* data have been submitted to the Gene Expression Omnibus (GEO) database (<http://www.ncbi.nlm.nih.gov/geo/>) under accession number GSE18217. The Col-WT type microarray data were previously deposited to the Gene Expression Omnibus (GEO) online database (<http://www.ncbi.nlm.nih.gov/geo/>) under accession number GSE16765.

Biological category enrichment analysis
---------------------------------------

A total of 3239 (Col-100 mM versus Col-0 mM) and 2272 (*M6PR*-0 mM versus Col-0 mM) transcripts with *P*-values ≤0.05 and ≥2-fold change were loaded and annotated in the Classification SuperViewer Tool w/Bootstrap web database (<http://bar.utoronto.ca/ntools/cgi-bin/ntools_classification_superviewer.cgi>) ([@bib40]). The absolute values and normalized frequencies in the *Arabidopsis* genomic set of each functional category were then calculated automatically online. Normalized frequency was calculated as follows: (Number_in_Class~input_set~/Number_Classified~input_set~)/(Number_in_Class~reference_set~)/Number_Classified~reference_set~).

Metabolic pathway analysis
--------------------------

The effects of salt and the gene on metabolic pathways were analysed using MapMan software, which is a user-driven tool that paints gene expression data sets onto diagrams of metabolic pathways or other processes ([@bib50]). Transcripts with a *P*-value ≤0.05 and fold change ≥2 were loaded in MapMan and the numbers of transcripts changed in different pathways were counted.

Quantitative real-time PCR
--------------------------

Total RNA was extracted as described above and aliquots of 2 μg were reverse transcribed using a High Capacity RNA-to-cDNA Kit (Applied Biosystems, Carlsbad, CA, USA) under the conditions suggested by the manufacturer. Reverse transcription products were diluted 10 times in water prior to real-time quantitative PCR (qRT-PCR). Aliquots of cDNA were used as template for quantitative real-time PCRs. Reactions were set up with Power SYBR^®^ Green PCR Master Mix (Applied Biosystems) according to the manufacturer\'s instructions in a total volume of 10 μl and 0.3 μM of each primer. The ABI PRISM^®^ 7900HT Sequence Detection System (Applied Biosystems) was used to detect amplification levels and was programmed for an initial step at 95 °C for 10 min, followed by 40 cycles of 15 s at 95 °C and 1 min at 60 °C. All reactions were run in duplicate or triplicate and average values were calculated. Quantification was performed with at least two independent experiments. The housekeeping F-actin gene (At3g05520) was used as an endogenous control. Relative expression levels of target genes and SD values were calculated using the 2^--ΔΔCT^ method ([@bib30]).

Twenty-one genes with at least one significant sample difference from four comparisons based on microarray data were selected for qRT-PCR analysis, along with a single gene that did not (At3g63490). Log~2~ values for each replicate and their averages and standard errors were calculated. Primers were designed based on the probe sequences used by Affymetrix with a target size range between 280 bp and 320 bp, and sequences of forward and reverse primers and the sizes of the resulting fragments are listed in [Supplementary Table S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err130/-/DC1) available at *JXB* online.

Results and Discussion
======================

Growth of *M6PR* lines and Col-WT
---------------------------------

In the absence of salt, growth of the *M6PR* M2 and M5 lines was generally equivalent to that of Col-WT, with no indication of negative effects on growth rate, plant size, flowering time, dry matter, or seed production ([Figs 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}). Under saline conditions, growth of both *M6PR* lines and Col-WT plants was inhibited ([Fig. 1A, B](#fig1){ref-type="fig"}, top and middle rows). All plants bolted and flowered later, and had lower leaf numbers, plant heights, stalk numbers, rosette diameters, seed yields, and dry weights when compared with the controls ([Figs 2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}). Treatment with 200 mM NaCl resulted in death of all genotypes 50 d after emergence ([Fig. 1A, B](#fig1){ref-type="fig"}, top row).

![Salt effect on growth of transgenic *M6PR* lines and the WT. Salt treatments were initiated at 14 DAS and plants were photographed at 50 DAS. (A) Pictures were taken from the top. (B) Pictures were taken from the side. (C) Chlorosis/necrosis severity indices of transgenic *M6PR* lines and the WT under salinity conditions. Data were collected every 6 d. Scales of chlorosis/necrosis severity were described as below. 0, no yellow or purple leaves; 1, older leaves turn yellow or purple; 3, younger leaves turn yellow or purple; 5, some leaves die; and 7, plants die. Chlorosis/necrosis severity indices were then calculated according to the following equation: chlorosis/necrosis severity indices=Σ (no. of plants in each scale×scale value)/(total no. of plants×the highest scale value). (This figure is available in colour at *JXB* online.)](jexboterr130f01_3c){#fig1}

![Percentage of plants bolting (A), percentage of plants in bloom (B), leaf numbers (C), and rosette diameters (D) of transgenic *M6PR* lines and the WT under various salinity conditions during growth. Growth parameters during the whole life cycle are indicated in [Supplementary Fig. S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err130/-/DC1) at *JXB* online. The differences were analysed by a one-way ANOVA test. The same letters indicate significant differences with *P* \<0.05. Plants were harvested at 62 DAS when most had reached maturity.](jexboterr130f02_ht){#fig2}

![Plant height (A), stalk numbers (B), dry weights (C), and seed yields (D) of transgenic *M6PR* lines and the WT under salinity conditions at harvest (62 DAS). The differences were analysed by a one-way ANOVA test. Different letters indicate significant differences with *P* \<0.05. Plants were harvested at 62 DAS when most had reached maturity. Plant heights were measured and stalk numbers were counted before harvest. Dry weights and seed yields were calculated after incubation at 60 °C for 2 d.](jexboterr130f03_ht){#fig3}

When compared with Col-WT, however, much less severe effects were observed for both *M6PR* lines ([Fig. 1A, B](#fig1){ref-type="fig"}). The WT was more sensitive to salt stress and showed an earlier and greater extent of leaf injury than *M6PR* lines, as illustrated by much higher chlorosis/necrosis severity indices with both 100 mM and 200 mM NaCl treatments, and greater decreases in leaf number ([Figs 1C](#fig1){ref-type="fig"}, [2C, D](#fig2){ref-type="fig"}). Both *M6PR* lines produced more seed stalks than Col-WT when grown under 100 mM NaCl during the whole life cycle, and a few also bolted and produced inflorescences at 200 mM NaCl ([Figs 2A, B, 3B](#fig2){ref-type="fig"}). At harvest (62 DAS), both lines had significantly greater dry weight and seed yield than Col-WT after treatment with 100 mM NaCl ([Fig. 3C, D](#fig3){ref-type="fig"}). The M2 and M5 lines produced 57 mg and 85 mg of seeds per plant, respectively, but Col-WT produced only 2 mg ([Fig. 3D](#fig3){ref-type="fig"}).

Reproducibility and validation of microarray data
-------------------------------------------------

Transgenic *M6PR* and Col-WT plants were grown in the growth chamber in the presence and absence of salt stress as part of a larger experiment including several transgenes and ecotypes. Sampling was performed at 20 DAS by collecting developed but not senescent leaves from at least 15 seedlings per replicate tray. Microarray signal data from the two biological replicates were highly correlated (*r* ≥0.96 for all pairs of comparisons; [Supplementary Fig. S2](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err130/-/DC1) at *JXB* online), indicating high reproducibility between the experiments. The microarray analyses were also partially verified using a qRT-PCR assay for a set of 21 genes selected for differential responses in different comparisons. The expression ratios measured by microarray and by qRT-PCR were highly correlated (*r* ≥0.93; [Fig. 4](#fig4){ref-type="fig"}).

![Comparison of relative transcript abundance measured by qRT-PCR versus microarray analysis. Twenty-one genes with at least one significant sample difference (*P*-value ≤0.05 and fold change ≥2) from four comparisons based on microarray data were selected for qRT-PCR analysis, along with a single gene that did not (At3g05520). Gene names and accession numbers are indicated. Altogether, the expression ratios measured by microarray and by qRT-PCR were highly correlated (*r* \>0.93). The trends of both increased and decreased expression for the comparison were similar. White bars, qRT-PCR; black bars, microarrays. Values are the mean ±SE (*n* \>3).](jexboterr130f04_ht){#fig4}

General transcriptomic responses
--------------------------------

Comparisons of global transcription levels after 6 d of salt treatment were performed to examine the salt effect on the Col-WT and *M6PR* lines, and the effect of the *M6PR* transgene in the absence and presence of salt. First, different threshold parameters were chosen to determine meaningful differences between samples in this study ([Supplementary Table S2](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err130/-/DC1) at *JXB* online). The number of changed transcripts decreased with a more stringent cut-off *P*-value and fold change. In order to minimize any potential statistical biases, modest threshold parameters (fold difference ≥2 and *P*-value ≤0.05) were applied during data analysis as described in the Materials and methods. The full list of 4631 affected transcripts in all four comparisons is shown in [Supplementary Table S3](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err130/-/DC1) at *JXB* online.

In the absence of salt stress, 1204 and 1068 transcripts were activated and repressed, respectively, by the *M6PR* transgene. In response to salt, however, many more transcripts were up- or down-regulated in Col-WT (1793 and 1446, respectively) than in the *M6PR* lines (277 and 487, respectively) ([Fig. 5A](#fig5){ref-type="fig"}). This indicates that the Col-WT plants were more affected by salt than the *M6PR* transgenic plants. These greater changes at the transcriptome level are consistent with the more severe growth and injury responses of Col-WT than *M6PR* lines under salt stress, and may represent a combination of adaptive responses and damage effects in the Col-WT plants. Relatively few transcript differences (407 up- and 632 down-regulated) were observed between WT and *M6PR* plants in the presence of salt ([Fig. 5A](#fig5){ref-type="fig"}). Comparisons of the transcripts affected by salt and *M6PR* showed that expression levels of 1166 transcripts (527 up- and 539 down-regulated) were affected by both salt stress and the *M6PR* transgene ([Fig. 5B, C](#fig5){ref-type="fig"}). This indicates that the stress tolerance of *M6PR* lines might be due, in part, to constitutive overexpression of several otherwise stress-inducible genes. However, only about half of the transcripts were in common between the salt effect and the *M6PR* transgene effect ([Fig. 5B, C](#fig5){ref-type="fig"}). Thus the *M6PR* transgene caused only some of the same responses as salt stress, as might be expected given the phenotypic differences observed between Col-WT and *M6PR* plants in response to salinity ([Fig. 1](#fig1){ref-type="fig"}).

![Number of changed and overlapping transcripts (*P*-value ≤0.05 and fold change ≥2). (A) Total number of transcripts affected by the *M6PR* transgene and salt stress. (B) Overlapping transcripts displaying significantly increased levels of expression in response to the *M6PR* transgene or salt stress. (C) Overlapping transcripts displaying significantly decreased levels of expression in response to the *M6PR* transgene or salt stress. Comparisons are indicated around the circle.](jexboterr130f05_ht){#fig5}

Major transcriptomic responses common to both salt stress and the *M6PR* transgene
----------------------------------------------------------------------------------

As a first approach to assigning possible gene function, salt- and *M6PR* transgene-responsive transcripts were characterized using MapMAN software. There were several similarities in the metabolic pathways affected by both salt stress and the M6PR transgene, i.e. many genes involved in minor carbohydrate metabolism, the cell wall, lipid metabolism, secondary metabolism, hormone metabolism, development, and transport ([Fig. 6](#fig6){ref-type="fig"}, group III). Cluster analysis revealed that several groups of genes were up- or down-regulated by both the *M6PR* transgene and salt stress ([Fig. 7](#fig7){ref-type="fig"}, groups I, III, and IV). Characterization of functional categories also indicated that three GO categories were over-represented by both salt stress and the *M6PR* transgene, including response to abiotic or biotic stimulus, response to stress, and other biological processes ([Table 1](#tbl1){ref-type="table"}).

###### 

Biological enrichment analysis showed several categories were enriched by salt stress and the M6PR transgene

Transcripts affected by salt stress and the M6PR transgene (*P* ≤0.05 and fold change ≥2) were analysed with the Bio-Array Resource Classification SuperViewer. The detailed categories of gene and salt effects are listed in [Supplementary Table S3](http://jxb.oxfordjournals.org/cgi/content/full/err130/DC1) at *JXB* online.

  -----------------------------
  ![](jexboterr130fx1_3c.jpg)
  -----------------------------

![Number of transcripts affected by salt stress and the *M6PR* transgene on different pathways using MapMan software. Transcripts with a *P*-value ≤0.05 and fold change ≥2 were loaded in MapMan and the numbers of transcripts changed in different pathways were counted. (A) Pathways mainly affected by salt stress; (B) pathways mainly activated by the *M6PR* transgene; (C) pathways affected by both salt stress and the *M6PR* transgene.](jexboterr130f06_ht){#fig6}

![Cluster analyses of transcripts affected by the *M6PR* transgene and salt stress. Red, up-regulation; green, down-regulation; black, no change. Hierarchical cluster analysis was applied for differentially expressed transcripts (*P* ≤0.05 and fold change ≥2) with Cluster 3.0 software. The resulting tree figures were displayed using the software package, Java Treeview. The detailed fold changes are listed as [Supplementary Table S3](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err130/-/DC1) at *JXB* online.](jexboterr130f07_3c){#fig7}

Major transcriptomic responses distinct to salt stress and the *M6PR* transgene
-------------------------------------------------------------------------------

Although enriched categories analysis revealed commonalities between the effects of the *M6PR* transgene and salt stress, several categories were over- or under-represented only by salt stress or the *M6PR* transgene. Categories of transcription and signal transduction were only over-represented by the *M6PR* transgene in the absence of salt, but not by salt stress on Col. Two other categories (DNA or RNA metabolism and electron transport or energy pathways) were more broadly affected by salt stress, but less by the *M6PR* transgene in the absence of salt (i.e. under-represented) ([Table 1](#tbl1){ref-type="table"}). Further metabolic pathways analysis also indicated that salt stress extensively up-regulated many genes involved in pathways related to carbohydrate, DNA, protein, and cell cycle metabolism. However, genes involved in photosynthesis and major carbohydrate metabolism were mainly down-regulated by salt stress in Col-WT, not by the *M6PR* transgene ([Fig. 6](#fig6){ref-type="fig"}, group I). However, more genes involved in redox-, stress-, and signalling-related pathways were up-regulated by the *M6PR* transgene than by salt stress, indicating that these pathways were broadly affected by the *M6PR* transgene, possibly pre-conditioning the plants to stress ([Fig. 6](#fig6){ref-type="fig"}, group II).

Specific changes in gene expression resulting from salt stress or the *M6PR* transgene
--------------------------------------------------------------------------------------

### Stress-related genes

Salt treatment altered the expression of many biotic stress-related genes (35 up-regulated and 27 down-regulated), including 24 genes encoding PR proteins ([Supplementary Table S4](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err130/-/DC1) at *JXB* online), indicating possible interactions among abiotic and biotic stresses and their responses. A previous study indicated that constitutive expression of the celery *MTD* gene in transgenic tobacco enhances resistance to the mannitol-secreting fungus *Alternaria alternata* ([@bib22]). Consistent with these results, transgenic mannitol-producing *Arabidopsis* significantly activated more (58 by *M6PR* versus 35 by salt) and repressed fewer (15 by *M6PR* versus 27 by salt) transcripts involved in disease resistance than salt stress ([Supplementary Table S4](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err130/-/DC1)), indicating that the *M6PR* transgene not only increased abiotic stress tolerance, but may also induce pathogen defence responses in *Arabidopsis*.

Salt treatment altered expression of many heat stress-, low temperature-, and dehydration responsive-genes, including heat shock protein (HSP), drought-induced (DI), early-responsive to dehydration (ERD), and low-temperature induced (LTI) genes ([Table 2A](#tbl2){ref-type="table"}; [Supplementary Table S4](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err130/-/DC1) at *JXB* online). Although the *M6PR* transgene also changed the expression of many genes involved in heat stress tolerance ([Supplementary Table S4](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err130/-/DC1)), fewer drought- and salt stress-related genes were changed by *M6PR* (eight) when compared with salt (15) ([Table 2A](#tbl2){ref-type="table"}). This may indicate that other mechanisms also contribute to increased salt tolerance of *M6PR* transgenic *Arabidopsis* besides the changes of abiotic stress-related genes.

### Redox-related genes

It has been previously reported that mannitol might act as a reactive oxygen quencher to suppress reactive oxygen-mediated plant defences ([@bib47]; [@bib42]). The presence of the *M6PR* transgene activated expression of many redox-related genes. The majority of these were glutaredoxin and thioredoxin family proteins. However, glutaredoxin-related genes were mainly inhibited by salt stress ([Table 2B](#tbl2){ref-type="table"}). Salt treatment also inhibited transcripts encoding catalase (CAT), Fe superoxide dismutase (SOD), and glutathione peroxidases (POD) which are directly involved in metabolism of reactive oxygen species (ROS). These genes were not changed by the *M6PR* transgene and were stable in *M6PR* lines after salt treatment ([Table 2B](#tbl2){ref-type="table"}). Inhibition of CAT, SOD, and POD transcript expression could result in loss of redox homeostasis *in planta* and further metabolic damage, which may explain why *M6PR* transgenic lines showed less severe salt effects than Col-WT.

### ABA metabolism-related genes

After salt treatment, seven abscisic acid (ABA)-regulated or responsive genes were up-regulated in Col-WT, but only two were increased in *M6PR* transgenic lines and only one of them by the *M6PR* transgene in the presence of salt ([Table 2C](#tbl2){ref-type="table"}). That Col-WT exhibited a more severely stunted phenotype than *M6PR* lines under salinity stress may be due to activation of more ABA-regulated or responsive genes. Interestingly, there were major increases in genes for three recently identified ABA receptors (in the PYR/PYLs family of START proteins) that inhibit type 2C protein phosphatases (PP2Cs) involved in ABA signalling in the *M6PR* plants ([@bib31]; [@bib37]) (14.0-fold for PYL4, 8.7-fold for PYL6, and, most dramatically, 244.3-fold for PYL5). Accordingly, expression of PP2C ABI1 (At4g26080) and ABI2 (At5g57050) was inhibited by the *M6PR* transgene ([Table 2C](#tbl2){ref-type="table"}). Moreover, ABA1, which functions in the first step of the biosynthesis of ABA ([@bib34]), was down-regulated 2.92-fold, and CYP707A1, which is involved in ABA catabolism ([@bib28]), was up-regulated 2.78-fold by salt stress only in Col-WT

### Cell wall-related genes

The plant cell wall is a complex network of cellulose, hemicelluloses, pectins ([@bib60]), and several structural proteins which are particularly rich in the amino acids hydroxyproline (hydroxyproline-rich glycoprotein; HPRG), proline (proline-rich protein; PRP), and glycine (glycine-rich protein; GRP) ([@bib45]; [@bib21]). Both the *M6PR* transgene and salt stress affected many cell wall-related genes involved in cell wall protein, cellulose synthesis, cell wall degradation, and cell wall modification pathways ([Supplementary Table S4](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err130/-/DC1) at *JXB* online). Salt treatment resulted in up-regulation of several cell wall degradation-related genes which were not affected by the *M6PR* transgene, including two pectate lyase genes (At4g13210, 3.36-fold; At3g53190, 5.64-fold) and two polygalacturonase genes (At3g15720.9.33-fold; At1g10640, 8.08-fold). Although the expression levels of two pectate lyase genes (At3g54920 and At3g07010) and one polygalacturonase gene (At3g06770) were slightly increased (\<3.8-fold) by the *M6PR* transgene, many other cell wall degradation-related genes were decreased in *M6PR* lines, especially two polygalacturonase genes (At1g60590 and At1g48100, down-regulated 55.0- and 30.8-fold, respectively) ([Table 2D](#tbl2){ref-type="table"}).

Further, transcripts encoding xyloglucan endotransglucosylase/hydrolase (XTH), responsible for cell wall construction in plants ([@bib57]), and expansin involved in cell growth ([@bib11]), were extensively increased by both salt stress and the *M6PR* transgene ([Supplementary Table S4](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err130/-/DC1)). One XTH gene was dramatically up-regulated 694-fold and one expansin gene 535-fold by the transgene ([Table 2D](#tbl2){ref-type="table"}). Expression of two xyloglucan:xyloglucosyl transferase (XXT) genes (At1g10550 and At2g01850), which are related to cell elongation ([@bib20]), was enhanced 25.9- and 3.54-fold only by the *M6PR* transgene. In addition, two transcripts encoding xyloglucan endotransglycosylase-related proteins (XETs) were considerably increased only by *M6PR* by 4.0-fold (At1g32170) and 19-fold (At5g57550). XETs have been proposed to function in modification of a major component of the plant cell wall resulting in cell expansion ([@bib39]; [@bib36]; [@bib6]). Similarly, two β-xylosidases (BXLs) (At5g49360 and At1g02640) involved in secondary wall thickening ([@bib2]) were up-regulated by 20- and 19-fold ([Table 2D](#tbl2){ref-type="table"}). These high level changes of XTH, XET, XXT, BXL, and expansin transcripts involved in cell wall strengthening and elongation suggested that expression of the *M6PR* transgene in *Arabidopsis* enhances the activity of cell growth or cell wall-strengthening functions.

### Sugar metabolism-related genes

Nine trehalose biosynthesis-related genes (At1g23870, At2g18700, At1g60140, At1g70290, At4g24040, At4g22590, At1g06410, At4g39770, and At5g51460) were activated by *M6PR*, but only three were slightly up-regulated by salt stress ([Table 2E](#tbl2){ref-type="table"}). Trehalose is involved in abiotic stress, biotic stress, and plant growth ([@bib41]; [@bib52]; [@bib3]; [@bib12]). It is also notable that at least one hydrolase (At5g20250) involved in raffinose synthesis was up-regulated 70-fold by salt stress, but 503-fold by the *M6PR* transgene ([Table 2E](#tbl2){ref-type="table"}). These findings are consistent with other comprehensive studies showing that prolonged salt stress (3 d and 5 d) induces a strong accumulation of raffinose in *Arabidopsis* ([@bib25]). Recent research has indicated that raffinose constitutes a novel function to protect plants from oxidative damage caused by salinity or chilling ([@bib35]). In addition, the expression level of a putative mannitol transport gene (At4g36670) was increased 31.1-fold by the *M6PR* transgene, but only 6.1-fold by salt stress. One putative MTD (At4g39330) was slightly down-regulated by the *M6PR* transgene. All these data indicated the *M6PR* transgene activated several osmoprotectant-related genes to cope with the stress condition.

The *M6PR* transgene and mannitol biosynthesis might be expected also to affect the pools of hexose phosphates as they are utilized to produce mannose 6-phosphate and eventually mannitol; however, there were no significant changes in expression of any hexokinases. Hexokinases are known to be involved in sugar-sensing, hexose-dependent modulation of gene expression, and plant growth, but sugar signal transduction processes are relatively complex in plants and lack of an effect may reflect the multiple pathways or redundancy involved in these responses ([@bib32]). Alternatively, metabolic effects may result from changes in enzyme activities in the absence of transcriptional changes.

Conclusions
===========

As evident in [Figs 1--3](#fig1 fig2 fig3){ref-type="fig"}, there was no apparent effect of the *M6PR* transgene on *Arabidopsis* growth and development in the absence of salt. Yet, the transgene clearly provided significant improvements in salt tolerance. Despite the lack of effects on phenotype in the absence of stress, genome-wide expression analyses indicated that expression levels of many genes were substantially altered (up and down) after introduction of the celery *M6PR* gene into *Arabidopsis* \[i.e. 2272 changes (*P*-value ≤0.05 and fold change ≥2\] ([Fig. 5A](#fig5){ref-type="fig"}). However, relatively few (764) additional genes were altered in salt-stressed *M6PR* transgenic plants, versus salt-stressed WT plants (3239), suggesting that *M6PR* may have caused pre-adaptive changes facilitating response to salt stress. The large number of changes in salt-stressed WT plants may represent both adaptive and damage responses. However, less than half of the transcripts affected by salt in WT plants overlapped with those affected by the transgene, and vice versa ([Figs 5B, C, 7](#fig5){ref-type="fig"}), indicating differences in the responses (i.e. the protective effect of the *M6PR* gene was different from the damage effects of salt stress). Given that salt tolerance is determined by several physiological components such as sodium transport and exclusion, tolerance to osmotic and oxidative stress, and tolerance to ion toxicity ([@bib33]), the presence of the transgene could induce a cascade of protective effects. Similarly, salt stress could result in changes that include both protective (adaptive) responses and damage effects; however, as the data indicate, these responses can involve distinctly different genes.

Although early work with sugar alcohols such as mannitol suggested that their effects were primarily as compatible solutes or osmolytes ([@bib56]) or more recently as osmoprotectants ([@bib42]), the results here indicate that the presence of *M6PR* as a transgene has far-ranging effects on gene expression, and that many of these involve enhanced expression of stress resistance genes that may have much to do with the presumed osmoprotective effects of mannitol. These effects are quite evident in [Fig. 6](#fig6){ref-type="fig"} which shows the numbers of genes affected by the *M6PR* transgene and salt stress. Many redox-, stress-, and cell wall-related genes are up-regulated by the presence of the transgene in the absence of stress, suggesting that the transgenic plant is predisposed to resist the effects of salt stress. Mannitol itself may have an effect on quenching ROS ([@bib42]), but the presence of the transgene also resulted in constitutive overexpression of a multitude of additional genes that deal with stress, both biotic and abiotic, and including a number that deal specifically with redox and the cell wall.

Changing expression levels of a single gene have previously been observed to result in alteration of expression of a large range of plant genes. For example, [@bib48] found that a large spectrum of gene expression changes was the result of the absence of a vacuolar Na^+^/H^+^ antiporter gene (AtNHX1). Thus, in addition to the known role(s) of AtNHX1 on ion homeostasis, the vacuolar cation/proton antiporter appeared to play a significant role in intracellular vesicular trafficking, protein targeting, and other cellular processes. Likewise, microarray-based transcriptome analysis of transgenic rice engineered for drought stress resistance with a chloroplast-targeted choline oxidase gene for glycine betaine synthesis indicated altered expression of many genes involved in stress responses, signal transduction, gene regulation, hormone signalling, and cellular metabolism ([@bib24]). Similarly selection for elevated glycine betaine levels in barley resulted in a broad array of effects on drought stress and solute potential ([@bib17]).

Many plants have mechanisms to deal with mannitol derived from pathogen attack. [@bib22] and others ([@bib58]) have proposed that certain plant pathogenic fungi may produce mannitol as a means of suppressing ROS-mediated plant defences. These defences are clearly important in the early hypersensitive response, and fungal mannitol secretion would thus appear to play a role in avoiding this well-defined resistance mechanism ([@bib1]). Other reports suggest that biotic and abiotic signalling can share common components and have functional overlaps ([@bib9]). The present data suggest that the presence of the *M6PR* transgene that results in biosynthesis of mannitol in turn elicits many of the same responses to pathogen attack, for example stress- and cell wall-related transcripts and the multitude of disease resistance genes ([Fig. 6](#fig6){ref-type="fig"}, [Table 2B](#tbl2){ref-type="table"}, D; [Supplementary Table S3](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err130/-/DC1) at *JXB* online).

###### 

Specific transcripts affected by salt stress or *M6PR* transgene (*P* ≤0.05 and fold change ≥2)

  --------------------------------------------------------------------------------------
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Detailed information on transcripts affected by salt stress and *M6PR* is listed in [Supplementary Table S4](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err130/-/DC1) at *JXB* online.

Gene names are based on the TAIR website (<http://www.arabidopsis.org>).

Only some of the stress-, redox-, cell wall-, and hormone-related genes are listed.

The log2-transformed ratios (experimental/baseline) generated by cross-comparing the replicate data sets using affylmGUI software.

Light shading, log2 value \>1; dark shading, log2 value less than --1.

However, these pathogen-related responses may not completely explain the many increases in redox-related genes that are related to ROS-mediated plant defences. ROS are clearly involved in signalling in response to both infection and stress. They (e.g. the glutathione redox couple) appear to be essential for homeostatic adjustment of the cellular redox potential which in turn can affect the function of many proteins ([@bib15]), as well as developmental processes, for example root hair formation ([@bib14]) and stomatal behaviour ([@bib29]). Given a role for fungal-derived mannitol in quenching ROS, the plant genes normally involved in mediating low ROS levels may be down-regulated if part of the plant oxidative burst defence is to overcome the effect of mannitol as a quencher of ROS. Substantial differences in many genes associated with regulating ROS levels were found ([Table 2B](#tbl2){ref-type="table"}, [Fig. 6](#fig6){ref-type="fig"}); many glutaredoxin and thioredoxin family protein genes were up-regulated by the presence of the *M6PR* transgene and very few were down-regulated. These changes may reflect M6PR- (and mannitol) related perturbations in the redox potential of the cell, and the role of homeostatic mechanisms adjusting expression in response.

Interestingly, the *M6PR* transgene highly activated expression of ABA receptor genes (*PYL4*, *PYL5*, and *PYL6*) and inhibited that of PP2C genes (*ABI1* and *ABI2*) ([Table 2C](#tbl2){ref-type="table"}). These changes resulted in activation of SNF1-related kinases (SnRK2s), and SnRK2s in turn activate downstream effectors to switch on stress response programmes ([@bib10]; [@bib27]).

In conclusion, the present growth analyses indicate that mannitol clearly enhances salt tolerance, but the reasons for these effects are apparently much more complicated than what might be expected of an osmoticum or osmoprotectant. In a previous study, it was found that fructose, glucose, sucrose, and myo-inositol in *M6PR* lines all were lower than those in Col-WT under control conditions. However, in those plants treated with high salt concentrations, these carbohydrates increased to higher levels in *M6PR* lines than in Col-WT ([@bib59]). However, it was expected that mannitol synthesis in *M6PR* lines would result in changes in carbohydrate metabolism due to the impact of mannitol biosynthesis on hexose phosphate precursors. The expression data in this study indicate that the presence of the *M6PR* transgene, and thus mannitol, appears to act as a signal, affecting genes responsive to both biotic and abiotic stresses, which in turn suggests insights into global plant defence mechanisms. As depicted in [Fig. 8](#fig8){ref-type="fig"}, besides the production of osmoprotectants, the *M6PR* transgene also directly or indirectly activated expression of ABA receptor genes (*PYL4*, *PYL5*, and *PYL6*) and inhibited that of PP2C genes (*ABI1* and *ABI2*) which resulted in activation of steps downstream of the ABA pathway. *M6PR* transgenic lines further exhibited increased ability to quench reactive oxygen and strengthen the cell wall, apparently through signals produced by mannitol and/or other metabolites. Thus, the gene expression data here indicate that stress tolerance of mannitol-producing *Arabidopsis* may be due at least in part to enhanced expression of a number of stress-inducible genes related to both biotic and abiotic stress tolerance. However, further studies need to be carried out to determine how the presence of mannitol and the *M6PR* gene induces specific responses. Separating mannitol\'s primary effects from secondary effects remains problematic.

![Model depicting the mechanisms involved in salt tolerance of *M6PR* transgenic *Arabidopsis*. Besides the production of osmoprotectants, the *M6PR* transgene also directly or indirectly activated expression of ABA receptor genes (*PYL4*, *PYL5*, and *PYL6*) and inhibited that of PP2C genes (*ABI1* and *ABI2*), which resulted in activation downstream of the ABA pathway. *M6PR* transgenic lines further showed increased ability to quench reactive oxygen and strengthen the cell wall.](jexboterr130f08_lw){#fig8}

Supplementary data
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[Supplementary data](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err130/-/DC1) are available at *JXB* online.

[**Figure S1.**](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err130/-/DC1) Growth parameters of transgenic *M6PR* lines and the WT under salinity conditions during the whole life cycle.

[**Figure S2.**](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err130/-/DC1) Reproducibility of the microarray signal data from two independent biological replicates.

[**Table S1.**](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err130/-/DC1) Primers used for quantitative RT-PCR.

[**Table S2.**](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err130/-/DC1) Numbers of genes changed by salt stress or the *M6PR* transgene with different cut-off threshold parameters.

[**Table S3.**](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err130/-/DC1) Transcripts changed by salt stress and the *M6PR* transgene (fold change ≥2 and *P*-value ≤0.05)

[**Table S4.**](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/err130/-/DC1) Specific genes affected by salt stress or the *M6PR* transgene.
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